The interaction of plasmas sustained in humid air with liquids produces reactive species in both the gas phase and liquid for applications ranging from medicine to agriculture. In several experiments, enhanced liquid reactivity has been produced when the liquid is a foam or a bubble coated liquid. To investigate the phenomena of streamers interacting with bubbles a twodimensional computational investigation has been performed of streamer initiation and propagation on and inside hemispherical bubble-shells floating on a liquid surface. Following prior experiments, water and oil bubble-shells with an electrode located outside and inside the bubble were investigated. We found that positive air streamers interact differently with conductive water and dielectric oil bubbles. The streamer propagates along the external surface of a water bubble while not penetrating through the bubble due to screening of the electric field by the conducting shell. If the electrode is inserted inside the bubble, the path of the streamer depends on how deeply the electrode penetrates. For shallow penetration, the streamer propagates along the inner surface of the bubble. Due to the low conductivity of oil bubbleshells, the electric field from an external electrode penetrates into the interior of the bubble. The streamer can then be re-initiated inside the bubble.
Introduction
Plasma interacting with liquids comes in at least three varieties [1] [2] [3] . The first is a plasma sustained in the gas above the liquid, with or without contact of the active plasma with the liquid. Activation of the liquid largely occurs by solvation of gas phase radicals and ions through the liquid interface, though photolysis and direct charge exchange with the liquid also occur. The second method is production of a gas phase plasma inside submerged bubbles within the liquid. The liquid activation process is largely the same as the external plasma. The third is direct production of an electric discharge in the liquid. Although there are instances where these inliquid discharges are produced in the absence of bubbles [4] , the majority of discharges in liquids are likely accelerated by bubbles, pre-existing or self-generated. As such, the majority of applications of plasmas in liquids are based on plasma production inside gas bubbles [5] [6] [7] [8] [9] [10] . To selectively activate the liquid, plasmas are often sustained in bubbles filled with different gases and artificially injected into liquids [11] [12] [13] . The efficiency of transfer of gas phase plasma produced reactivity into liquids by liquid-hugging plasmas or plasmas in bubbles has motivated research into several configurations of plasma-liquid systems [14] [15] [16] [17] [18] . Several roadmaps and reviews have recently assessed key research challenges in these areas [19] [20] [21] [22] .
From a classical perspective, foams are gas dispersions in liquids. They are comprised of a myriad of small bubbles of mechanical or chemical origin. The bubbles are separated by thin films of a liquid [23] . Gas typically constitutes the largest volume fraction of a foam. Plasmas interacting with foams and bubble-covered liquids have attracted interest as means to rapidly activate liquids. Activation of liquid using gas phase plasmas is ultimately transport limited. The large surface-tovolume ratio of the liquid shells of bubbles provides a means to accelerate activation of the liquid, in some cases having plasma on both sides of the shell. For example, recent experiments [24] showed that the plasma-foam system is one of the most efficient methods for hydrogen peroxide production in a liquid phase.
In many applications, foams are not desired, and so processes are used to disperse or break the foam [25] . The most commonly used methods for foam destruction are the addition of chemical antifoam reagents which may have significant unwanted side effects [25] , and mechanical foam breaking based on subjecting the foams to shear stress with an abrupt pressure drop which results in bursting the bubble [26, 27] . Physical methods for foam control include electrical foam breakers based on interacting an electric discharge with the foamy region to break up the foam leading to a decrease in the volume of the foam. Large bubbles can create numerous small bubbles when they rupture, rather than vanishing [28] . A preliminary study on the control of water foam by pulsed high voltage discharges achieved favorable results using foams with thickness of 10 μm [29] . This process involved passing bubbles through the gap between the two horizontally fixed stainless steel mesh electrodes above the water surface [30] . The air in the bubbles was released thus decreasing the growth speed of the foam. The bursting of the bubble was attributed to the streamers of the discharge penetrating through the surface of the bubbles.
In plasma-foam systems the electric current of the discharge simultaneously interacts with a large number of bubbles, often having different sizes, a condition which complicates understanding the fundamental physics of the process. One promising approach to investigate the fundamentals of plasma-foam interactions was introduced by Akishev et al [31] who simplified the problem to experimentally investigating a single streamer in air interacting with a single large bubble floating on liquid. The single-filament streamer discharge originated from a fixed point electrode located above or inside the bubble. The experiments showed that in many cases streamers striking a bubble resulted in its destruction and that large bubbles (with a base diameter >5 mm) were more susceptible to streamer initiated destruction than small bubbles (<2-3 mm). The experiments addressed both water bubble-shells floating on tap water and oil bubble-shells floating on oil. The streamers interacted differently with the conductive water bubble compared to the dielectric oil bubble. For example, a positive streamer in humid air initiated outside a water bubble-shell propagates along the external surface of the bubble as a surface ionization wave (SIW). A streamer striking an oil bubble gives the appearances of penetrating through the bubble into the interior, likely a result of the streamer being reinitiated inside the bubble.
In this paper, results from a computational investigation of streamers sustained in humid air intersecting with bubbleshells are presented, aligning with experiments performed by Akishev et al [31] . The goal of this study is to provide insights into the mechanisms whereby streamers interact with liquid bubble-shells, as the first step towards understanding how such plasmas interacting with foams potentially provide a more efficient method to activate the liquid. All computations were performed for positive streamers propagating in humid air intersecting bubble-shells also filled with humid air. In agreement with the experiments, we found that for conductive bubble-shells akin to tap water, a streamer launched from an electrode outside the bubble, when striking the bubble, will propagate over the outside surface of the bubble as a SIW. If the electrode is placed inside the water bubble with the tip near the inner surface, the streamer propagates over the inner surface of the bubble. If the electrode tip is placed deeply inside the bubble, the streamer will propagate directly towards ground. For otherwise the same conditions but for a non-conductive bubble-shell, the electric field penetrates inside the bubble to a greater degree than the more conductive water shell. As such, the streamer can be reinitiated inside the bubble-shell if there is finite preionization. We also show that the charge accumulated on both sides of the bubbles as a result of the SIW depends on the bubble conductivity. For a non-conductive oil bubble, these charges may produce forces large enough to rupture the bubble on a longer time scale.
The model, geometry and reaction mechanism are discussed in section 2. Evolution of a streamer interacting with a water bubble-shell with the powered electrode outside and inside the bubble is discussed in section 3. In section 4, we discuss the consequences of the streamer interaction and reinitiation with oil bubble-shell. Concluding remarks are in section 5.
Description of the model
The model used in this investigation, nonPDPSIM, is a modular, two-dimensional fluid hydrodynamics simulation. The modules in this model are sequentially executed while simultaneously solving Poisson's equation for the electric potential and transport equations for charged and neutral species. Poisson's equation is solved throughout the computational domain, including the gas phase, and liquid and solid materials. The electron temperature, T e , is obtained by solving an electron energy conservation equation with transport and rate coefficients provided by solutions of Boltzmann's equation. Photoionization is also included which accounts for the production of precursor electrons ahead of the streamer front. A detailed description of the nonPDPSIM modeling platform can be found in [32, 33] .
The gas mixture is atmospheric pressure humid air N 2 /O 2 /H 2 O=79.5/19.5/1 at 300 K. There are 24 species included in the model and 175 reactions between them. The species included in the model are:
, H 2 , H, OH and electrons. The reaction mechanism is identical to that used in [34] . Since the timescale of interest is that of the streamer propagation and interaction with the bubble, less than tens of ns, cluster ions and higher order species (such as nitrogen oxides) have not been included in the reaction mechanism for computational expediency as these species typically form on longer timescales. We acknowledge that for repetitive pulsing, these species may have been formed on prior pulses and so may be present during the streamer propagation. Based on past experience, the dynamics of the ionization waves are weak functions of small concentrations of these species. Neutral transport was represented only by diffusion (no advective motion) and gas heating was not considered. By examining only the first tens of ns of streamer propagation in stagnant ambient gas, there would not be time for pressure gradients to initiate advective motion.
The total computational domain is shown in figure 1 . This geometry is intended to represent the conditions and dimensions of the experiments performed by Akishev et al [31] . A liquid layer 3 mm thick is on the planar electrode. The bottom surface of the computational domain under the liquid representing the planar electrode is electrically grounded. The applied voltage is the potential boundary condition used for the pin electrode and on the top boundary. The derivative of the electric potential is set to zero on the left-and-right boundaries. Such boundary conditions provide stability to the numerical solution, while at the same not significantly affecting the dynamics of the plasma in the regions of high electric field that produce ionization.
Bubbles filled with ambient humid air are composed of a water or oil shell 35-50 μm thick on top of the liquid of the same composition. In the water case, both the shell and the underlying liquid are water. In the oil case, both the shell and the underlying liquid are oil. The diameter of the base of the bubble is 15 mm. The gap between the electrode and the liquid surface is 9 mm. The distance between the pin electrode and the top of a bubble along the central axis is 4 mm. The distance L between the electrode and the top of a bubble was varied from 1 to 10 mm. In order to investigate asymmetric geometries with the electrode displaced from the central axis, the calculations were done in planar, Cartesian coordinates.
An unstructured numerical mesh was used having triangular elements with different refinement regions to resolve the bubble-shell, bubble interior and the region near the high voltage electrode. The mesh consists of approximately 15 200 nodes, of which more than 9500 are in the plasma region to resolve the plasma filaments. The mesh spacing spanned from 4 μm in the path of the streamer (both in the gas phase and along the surface) to as large as 500 μm in the periphery of the mesh. The electrical potential is specified on the ground plane beneath the liquid and on the powered electrode. On non-metal points on the right and left boundaries of the computational mesh, von Neumann conditions are imposed, where the gradient of the electric potential, the electric field, is zero.
The water shell and water layer are treated as lossy dielectrics, and have relative permittivity ε/ε 0 =80 and conductivity σ=7.5×10 −4 Ω −1 cm −1 , akin to tap water. The oil shell and oil layer have a relative permittivity of ε/ε 0 =2 and a conductivity σ=1.5×10
. These values of conductivity are chosen to represent the experimental conditions [31] . The applied voltage (25 kV) is higher than in the experiment (15.2 kV) because we use a smooth rounded electrode to avoid numerical instability (near the powered electrode) as opposed to a sharpened tip electrode as used in experiment [31] . The voltage rise time is 0.1 ns, intended to represent a step-function in voltage. In most cases, to initiate the discharge, a small cloud of electrically neutral seed-charges (electrons and N 2 + ) with a radius of 100 μm and a peak density of 1×10 8 cm −3 was placed near the tip of the powered electrode. The same cloud of seedcharges was placed inside the bubbles on the bubble axis to study the possible re-initiation of a streamer beneath the bubble-shell. To assess the sensitivity of predictions of the model to the position of the initial small cloud of plasma, clouds were placed at different locations shown by the red dots in figure 1 . The initial plasma density was also uniformly set to 5×10 3 cm −3 inside the bubble. In general, the resulting behavior of the discharge was qualitatively the same to the base case except for a change in the time for development of the discharge. This latter observation is a result of the well-known formative lag time in breakdown where discharges take longer to develop as the initial electron density decreases [35] .
The authors acknowledge that this problem is intrinsically three-dimensional in nature whereas the computational tool is two-dimensional. When the pin electrode is aligned with the central axis, a 2D simulation using cylindrical coordinates would be more rigorous. However, using Cartesian coordinates in 2D for all cases enables side-by-side comparisons of cases that may not have this symmetry, for example, when the pin-electrode is displaced from the axis. One direct consequence of using the 2D Cartesian coordinate system is that geometrical electric field enhancement (e.g. at Time evolution of (a) plasma potential and electric field, and (b) electron density and positive space charge for a streamer interacting with a water bubble-shell with L=1 mm. Potential lines are drawn every 2 kV. There is an enhancement of the electric field at the water shell-air boundary. The streamer approaches the surface of the bubble and spreads over it but does not penetrate into the bubble. The maximum value or range of values is shown for each frame. the tip of the electrode) is smaller than when fully resolved in 3D. It is for this reason that we use a higher value of potential than in the experiment.
Streamer interaction with a water bubble-shell
As the base case, we consider a positive streamer interacting with a water bubble-shell with the powered electrode having a 1 mm offset from the axis of the bubble (L=1 mm). The time evolution of the electric potential and electric field as the streamer propagates from the pin electrode towards ground is shown in figure 2(a) . (The potential lines are drawn every 2 kV.) The electron density and positive space charge are shown in figure 2(b) , and the electron impact ionization source and electron temperature are shown in figure 3 . The combined conductivity and dielectric constant of tap-water produces a capacitive material with resistive losses-that is, a lossy dielectric. The water has a dielectric relaxation time of τ=ε/σ=9.4 ns. The streamer propagates across the gap between the electrode and the surface of the bubble in about 10-13 ns, and its interaction with the bubble extends to about 27 ns. The shell of the bubble will both support some amount of charging while also shielding some of the applied potential from the interior of the bubble due to the dielectric relaxation time being commensurate with the total interaction time.
The electron density is 3×10 13 cm −3 in the volume of the streamer, increasing to 10 14 cm −3 when streamer touches the water shell. The trajectory of the streamer is not strictly vertical. As the streamer approaches the bubble it reorients to being nearly parallel to the surface normal of the bubble in recognition of the conductive properties of the bubble. (The electric field at the surface of a conductor is normal to the surface.) As the streamer approaches the bubble, the potential lines do penetrate through the shell and into the bubble, a consequence of the dielectric properties and thin dimension of the shell. This penetration of the electric field into the shell enables enhancement in the electric field at the surface of the bubble resulting from the refraction of potential lines at the bubble-shell boundary.
After striking the bubble, the volume streamer transforms into a surface streamer or SIW which then propagates over the bubble surface towards ground in both directions. There is almost no visible motion of the streamer from 14 to 20 ns, which results from the charging of the high capacitance of the water bubble-shell. (The local capacitance is ≈0.15 pF cm −2 .) The dielectric properties of the shell enable there to be positive charging to 3×10 13 cm −3 at the surface which produces parallel components of the electric field which initiate and then sustain the SIW. The electric field in the head of the volume streamer is 230 Td (1 Td=10 −17 V cm 2 ) largely perpendicular to the surface. As the streamer propagates over the surface at 1.5×10 8 cm s −1 , compared to a propagation speed of 0.4×10 8 cm s −1 in crossing the gap, the electric field increases up to 520-730 Td largely parallel to the surface. These high values are typical for a surface streamer, producing a maximum in the electron impact ionization source of to 9×10 21 cm −3 s −1 and electron temperature of 3.5 eV. In spite of the tip of the electrode being off-axis, the SIW propagates in both directions-downhill (towards the left) where the electric field parallel to the surface is enhanced by the applied vacuum electric field, and uphill (towards the right) where the electric field parallel to the surface is diminished by the applied electric field, but still sufficient to sustain the SIW.
The charging of the top surface of the bubble and the screening of the field by the conductive water-shell results in a maximum in electric field inside the bubble of 90 Td, which follows the peak in surface charging as the SIW propagates along the top surface. In spite of a preionization density of 1×10 8 cm −3 inside the bubble and this penetrating electric field, there is no avalanche nor streamer propagation inside the bubble. The combination of the finite conductivity of the water shell and the charging of the surface, produce sufficient shielding to prevent avalanche inside the bubble.
Exhaustive studies have not been performed on the size of the computational domain and the location of boundaries on the streamer properties. However, we have confirmed that the width of the domain used in this investigation does not significantly affect the value of the electric field where avalanches occur-beginning at the tip of the electrode and at the head of the volume and SIW (see, for example, figure 2(a) ).
Streamer properties (electron density, space charge, electric field and electron impact ionization source) with the point electrode offset from the axis are shown in figure 4 for L=7 and figure 5 for L=10 mm. The general trends are similar as those for L=1 mm. However, since the effective gas-gap length is larger as L increases, the effective electric field is smaller for L=7 and 10 mm compared to L=1 mm. The progressively increasing curvature of the surface under the electrode tip as L increases then increasingly aligns the applied electric field with being parallel to the surface. As L increases, the vacuum electric fields begin to resemble those of the traditional point-to-plane geometry, with the electric field progressively directed towards the ground plane. However, with there being a finite conductivity of the shell, there is some tendency for the electric field to reorient to being perpendicular to the surface of the shell close to the surface. The lower vacuum electric field with increasing L produces slower avalanche speeds (0.4×10 8 cm s −1 for L=7 mm and 0.25×10 8 cm s −1 for L=10 mm), and longer delays for the streamer to strike the bubble (25 ns for L=7 mm and 40 ns for L=10 mm).
As in the L=1 mm case, after the volume streamer touches the shell, a SIW is launched. Due to the progressively larger component of the applied electric field pointing downward parallel to the surface, the SIW propagates only downhill for both L=7 and 10 mm. The electron density and electron impact ionization source are shown in figure 6 for a selection of electrode offset values, L=1-7 mm. The transition point at which propagation of the SIW is only downhill is L=6-7 mm. For the smaller offset, the SIW propagates both uphill and downhill with gradually decreasing right (uphill) wing with increasing L.
The SIW extends the conductive plasma channel towards the edge of the bubble and, finally, to the grounded water layer. When the SIW reaches the flat water layer, a restrike occurs back towards the powered electrode. The restrike takes the form of a negative ionization wave that propagates upwards through the surface hugging plasma on the shell, and through the plasma channel in the gas (see the last row of frames in figures 5(a) and (b) ). The restrike occurs in part due to attachment and recombination in the plasma column during the 45 ns required for the SIW to reach the water layer. This reduction in electron density reduces the conductivity of the plasma column and enables a critically large electric field to be sustained to launch the restrike. Note that restrikes occur in most cases where the gap is large enough for attachment to occur and the electron density in the channel decays, a phenomenon that is also observed in plasma jets [36, 37] .
Upon intersection of a streamer with the bubble-shell, a conductive streamer channel extends from the powered electrode to the surface of the shell, translating the applied potential to the bubble. Since the conductivity of the water shell is finite, there is only moderate electric field penetration through the shell to the interior of the bubble, as shown in figure 7 . For example, for the offset L=7 mm the electric field at the tip of the streamer exceeds 440 Td while that inside the bubble is not larger than 190 Td. For an offset of L=10 mm the electric field outside the bubble is ≈400 Td whereas inside the bubble, the electric field is not larger than 160 Td. We found that the most sensitive parameter in determining the electric field inside the bubble was the conductivity of the shell and (to a lesser extent) the dielectric constant of the shell.
When the electrode tip is inserted inside the bubble, the path of the streamer depends on how deeply the tip penetrates and on the applied voltage. With 15 kV applied to the tip and if the tip merely penetrates through the bubble with the tip near the inner surface, the streamer propagates along the inner surface of the top of the bubble. This trend, as also observed in the experiments [31] , is shown in figure 8(a) where the tip is 5 mm above the surface of the water. In this case, the electric field enhancement that occurs at the surface of the shell produces a larger electric field parallel to the surface of the shell than the axial electric field directed towards the ground plane. The streamer is then generated as a SIW. Once launched, the SIW is self-sustained by the electric field at the streamer head. It stops propagating as soon as it touches the flat surface of the water (which has large capacitance and large conductivity). The electron density in the SIW inside the Figure 9 . Time sequence of a streamer approaching and interacting with (left column) an oil bubble-shell and (right column) a water bubbleshell for L=1 mm. (a) Electron density and (b) electric field. The streamer appears to penetrate through the oil bubble-shell (actually reinitiated) due to the low conductivity of its shell which allows the electric field to penetrate into the interior. The electric field is screened from the interior of the bubble by the conductive water-shell. bubble is 3×10 15 cm −3 , which is one-two decades larger than that for the SIW outside the bubble. If the tip of the electrode penetrates deeply into the bubble two streamers can occur-a SIW and a weak volume streamer. These trends are shown in figure 8(b) for an applied potential of 15 kV and for the tip 3 mm above the surface of the water. The volume streamer decays before reaching the surface of the water, in part due to shielding of electric field by the evolving SIWs. With higher applied voltage (25 kV), the SIW and volume streamers can simultaneously propagate, shown in figure 8(c) for a tip height of 3.8 mm. The SIWs decay when they reach the flat water surface. Following touching the flat liquid, the volume streamer propagates as a counter-propagating SIW a short distance over the surface before decaying.
Streamer interaction with an oil bubble-shell
The behavior of positive streamers interacting with water bubble-shells is dominated in large part by the inability of the streamer to penetrate into the interior of the bubble due to the finite conductivity of the shell. Streamers behave quite differently when approaching a bubble-shell composed of nonconducting oil having a lower dielectric constant. With both the shell and underlying liquid being oil, the vacuum Laplacian electric field differs from that of the water shell. Comparisons of the electron density and electric field for streamers approaching oil and water bubble-shells are in figure 9 for L=1 mm. Due to the lower conductivity and lower dielectric constant of the oil shell, the electric field lines experience little refraction and little electric field enhancement at the surface of the shell. The approaching streamer rapidly charges the capacitance of the shell, producing an electric field of comparable magnitude inside the bubble as on the top of the bubble. With preionization in the bubble, this electric field is sufficient to reinitiate the streamer inside the bubble. With the relative absence of electric field enhancement at the inside surface of the bubble, a SIW is not launched, and the streamer propagates downward towards the ground plane.
This ability of streamers to be relaunched on the opposite side of dielectric layers has been previously investigated by simulations [38, 39] and experiments [40] [41] [42] . They found that re-ignition is ultimately due to penetration of electric field through the dielectric, with the re-ignition being sensitive to the dielectric constant, thickness, transparency (for ionizing radiation) and placement of the dielectric.
The re-initiation of a streamer inside an oil-shell bubble proceeds in a more complicated manner when the electrode tip is shifted from the bubble axis. As shown in figure 10 with L=5 mm, following the initial volume streamer striking the shell, two SIWs are simultaneously initiated which propagate over the inner and outer surfaces of the shell. The component of the applied electric field parallel to the surface, both above and below the low conductivity shell, is large enough to support propagation of both SIW. After reaching the water surface, the SIW on the outer surface decays, while the SIW on the inner surface reverses direction and propagates across the surface of the liquid. There is sufficient surface charging (both inside and outside the bubble) that generates horizontal components of the electric field that the SIW can propagate along the surface of the water in the opposite direction from the vacuum field. As the SIW on the liquid passes under the tip, the propagation speed increases as now the vacuum electric field points in the direction of propagation. At about the time that the SIW reaches the bottom of the shell, a weak volume streamer inside the bubble is launched from the location at which the initial streamer strikes the outside of the bubble. This volume streamer crosses the shell and intersects the SIW on the liquid. The launching of this volume streamer is aided by vertical electric field components produced by charging of the bubble at the site of the initial streamer striking the bubble.
Due to the higher conductivity of water, the charge that accumulates on the outer and inner surfaces of the shell is dissipated during the finite dielectric relaxation time. At approximately the same time during the evolution of the discharge, the positive surface charge on the oil shell with a dielectric relaxation time of 1.2×10 −6 s (1.3×10 13 cm −3 ) is nearly three times larger than that on the water shell (5×10 12 cm
), as shown in figure 11 . The re-initiation of the streamer inside the bubble produces charge on the interior surface of the shell as well [38, 39] showing positive charge accumulated on the outer shell and negative charges on the inner shell of the water and oil bubbles. The negative charges on the inner surface on the oil shell (1.1×10 13 cm −3 ) are nearly one order of magnitude larger in density than those on the water shell (1.3×10 10 cm −3 ).
Concluding remarks
The interaction of atmospheric pressure plasmas with foams has proven to be promising for producing high levels of activation in the liquid. Results from a two-dimensional computational investigation of a single streamer in air intersecting an isolated water or oil bubble-shell filled with humid air and floating on a liquid surface have produced insights to these processes. The conditions resemble those of recent experiments [31] . We found that, as in the experiments, a streamer striking a water bubble-shell pauses to charge the capacitance of the shell, and then propagates along the outside the shell as a SIW. The SIW will propagate both uphill (against the applied electric field) and downhill (with the applied electric field) depending on the location of the powered electrode. The conductivity of the tap-water shell is high enough to partly shield the applied field from the interior. Two consequences are that the incident streamer will align with the normal to the outer surface of the shell, and the electric field that penetrates into the bubble is too weak to reinitiate the streamer. Due to the low conductivity of the oil bubble-shell, the electric field significantly penetrates into the interior of the bubble. The streamer can then be re-initiated inside the bubble beneath the streamer. Note that the character of streamer interaction with a deionized (distilled) water bubble-shell, with a liquid conductivity one-two orders lower Figure 11 . Comparison of the positive and negative space charges accumulated on oil and water bubble-shell. The amount of charge on the surface of the water bubble is three times lower than for the oil bubble.
than that of tap water, can be expected to be similar to that of an oil bubble-shell. Although the results discussed here are in qualitative agreement with experiments [31] , the experiments were conducted on longer time scales (μs and ms) than the simulations. One phenomenon that is not captured in the simulations is perforation of the oil bubble-shell. This perforation takes place on millisecond time scales, and may be due to the mechanical stresses applied to the shell by differential charging on the top and bottom of the shell [28] . Analogous to the experiment, we also observed a streamer penetration into the oil bubble-shell. However, in the model, the penetration results from re-initiation of the streamer under the bubbleshell whereas in the experiment there is evidence that perforation of the shell enables the streamer to continue into the interior.
